Studies using the closed loop and everted sacs of the rat small intestine recently prompted us to suggest that carrier-mediated transport is involved in the intestinal absorption of glycerol. Although it could be mediated by a novel carrier system, little information is available. The aim of the present study was to kinetically characterize carrier-mediated glycerol transport in the perfused rat small intestine to help in identifying the carrier involved and to explore the possibility that the carrier might be used as a pathway for oral drug delivery and a target for drug development. In situ single-pass perfusion was conducted using a 10-cm midgut segment of the male Wistar rat, and the absorption of [ ؊5 cm/s, slightly smaller than J max /K m . Therefore, it could be the major mechanism of intestinal glycerol absorption in the low concentration range where carrier-mediated transport conforms to linear kinetics represented by J max /K m . Furthermore, carrier-mediated glycerol transport was found to be inhibited by glycerol 3-phosphate, monoacetin and diglycerol, indicating that the carrier system may be shared by these structural analogues. Thus, the present study has successfully demonstrated and characterized carrier-mediated glycerol transport in the perfused rat small intestine which is a physiologically relevant model.
Glycerol is a small hydrophilic solute and it had generally been believed to be absorbed mainly by paracellular passive transport from the intestine. However, we recently found that glycerol absorption is saturable in the rat small intestine in situ, 1) an indication of the potential involvement of carriermediated transport. The saturable glycerol transport was further shown to require Na ϩ and metabolic energy, and was specifically inhibited by several alcohol-related compounds analogous to glycerol, such as glycerol 3-phosphate, in a study using the everted sacs of the rat small intestine.
2) Thus, it is likely that a carrier-mediated transport system, which is Na ϩ -dependent and secondarily active, is involved in the efficient absorption and use of this nutritional substance, which can be liberated from dietary fat (triglycerides) in the intestinal tract.
3) Although a group of aquaporin (AQP) water channel proteins include those which can also act as a channel for small neutral solutes, such as glycerol, and these are called aquaglycerolporins, 4, 5) the characteristics of glycerol transport found in the intestine are obviously different from those of channels through which transport is not saturable and unlikely to couple with ions, such as Na ϩ . Therefore, the Na ϩ -dependent saturable transport system found in the intestine may belong to a group of glycerol transport systems different from aquaglyceroporins.
In the body, glycerol is known to be used for gluconeogenesis, lipogenesis and oxidation; hence, as an important intermediate of energy metabolism, it could be involved in various physiological and pathological processes. 6) Thus, it would be of great interest to clarify the mechanisms involved in its disposition in various organs, including the intestine. It would also be of interest to examine the possibility that the intestinal carrier-mediated glycerol transport system might be used as a pathway for oral drug delivery and a target for drug development. Possible strategies include designing a substrate drug exhibiting good absorption for the former and developing a blocker of the carrier to reduce glycerol absorption for the latter. To help in exploring such a possibility, we aimed in the present study to achieve more detailed kinetic characterization of glycerol transport in the perfused rat small intestine as a physiologically relevant model. Animals Male Wistar rats, weighing about 300 g, were purchased from Nihon SLC (Hamamatsu, Japan) and fasted overnight with free access to water before starting the experiments.
MATERIALS AND METHODS

Chemicals
In Situ Intestinal Perfusion In situ single-pass perfusion was conducted in rats anesthetized with urethane (0.25 g/ml/kg, i.p.) as described previously, 7-9) using a 10-cm midgut segment and a perfusion rate of 0. 15 Analysis of Perfusion Data The fraction absorbed (F a ), which represents the fraction that disappeared from the intestinal lumen, was estimated by correcting for minor volume changes, based on changes in PEG 4000 (nonabsorbable marker) concentrations:
(1) (2) where C in,PEG and C out,PEG are the concentrations of PEG 4000 in the inflow and outflow solution, respectively; C Ј in and CЈ out are the concentrations of glycerol or urea, and C in and C out are the corrected terms. The F a was determined as the average of those for three-5 min sampling periods at steady-state in each rat and then averaged for 3 animals.
The transport of glycerol across the intestinal membrane was analyzed using a tube model incorporating an unstirred water layer (UWL). [7] [8] [9] [10] The UWL, which is assumed to be present on the surface of the intestinal membrane, is a simplified model for describing the preepithelial aqueous diffusional resistance, which generates a concentration gradient that drops toward the intestinal surface or in the radial direction of the intestinal tract. It is reported that laminar flow in a cylinder is hydrodynamically a very suitable model to describe the perfusate flow in the rat small intestine in regular perfusion experiments.
11) The tube model with a UWL is an alternative which is easier to handle, while it can provide estimates of intestinal transport parameters almost equivalent to those by a model assuming laminar flow, as we reported previously.
7) The transport rate across UWL (J UWL ) is as follows:
where P aq is the permeability coefficient of UWL, C and C s are the concentration in the bulk phase and that at the intestinal surface, respectively, and D and d are the diffusion coefficient and the effective thickness of UWL, respectively. The d was previously estimated to be 952 mm for the perfusion conditions used in this study.
9) The D of glycerol was calculated to be 9.84ϫ10 Ϫ6 cm 2 /s from that of D-glucose (7.04ϫ10 Ϫ6 cm 2 /s), assuming that D is inversely proportional to the square root of the molecular weight (180 for D-glucose and 92.1 for glycerol).
12) The P aq of glycerol was therefore estimated to be 1.03ϫ10 Ϫ4 cm/s. Similarly, the D and P aq of urea, which has a molecular weight of 60.1, were estimated to be 12.18ϫ10
Ϫ6 cm 2 /s and 1.28ϫ10 Ϫ4 cm/s, respectively. Assuming Michaelis-Menten type carrier-mediated transport and simultaneous passive transport, the transport rate across the intestinal membrane (J m ) is described as follows: (5) where J max , K m and P m,d are the maximum transport rate, the Michaelis constant and the membrane permeability coefficient of passive (diffusive) transport, respectively. At steadystate, where J m equals J UWL , the following differential equation applies, which describes the change in the bulk concentration (C) along the intestinal tract represented by the x axis. (6) where (7) (8) and where Q and R are the perfusion rate and the radius of the intestinal tract, respectively. The values of Q and R were 0.15 ml/min and 0.234 cm 13) in this study. With knowledge of P aq as explained above, Eq. (6) was numerically integrated by the Runge-Kutta-Gill method to obtain CϭC out at xϭL for each inflow concentration as the initial condition of CϭC in at xϭ0, and the fraction absorbed (F a ) was calculated using Eq. 1. Also, L is the length of the perfused segment (10 cm in this study). The kinetic parameters of J max , K m and P m,d were estimated by fitting the calculated F a versus C in profile to the observed one using a nonlinear regression program, MULTI.
14)
The fitting was conducted using pooled data points from all rats, and unity as the weight.
The apparent membrane permeability coefficient (P app ) is related to the membrane permeability coefficient (P m ) and P aq as follows: (9) At lower concentrations where carrier-mediated transport conforms to linear kinetics, P m is approximated as follows:
At higher concentrations where passive transport prevails, P m is approximated as follows:
The reciprocal of the permeability coefficient represents the resistance. Equation 9 implies that the total (or apparent) resistance (1/P app ) equals the sum of the resistances of the intestinal membrane (1/P m ) and UWL (1/P aq ), which are present in series and constitute a barrier to solute transport. Also, F a is described as a function of P app as follows: (12) A rearrangement of this equation gives P app as a function of F a as follows: (13) Statistical Analysis Differences between groups were examined for statistical significance using analysis of variance (ANOVA) followed by Dunnett's test.
RESULTS AND DISUCUSSION
As shown in Table 1 , the fraction absorbed (F a ) of glycerol was 0.285 at a concentration of 1 mM in standard solution containing Na ϩ , and it was significantly reduced when Na ϩ was removed from the solution and when the concentration was raised to 40 mM, indicating Na ϩ -dependence and saturability of its transport. These results suggest the involvement of an Na ϩ -dependent carrier-mediated transport system in intestinal glycerol absorption, in agreement with the suggestion from our earlier studies.
1,2,15)
The concentration-dependent profile of glycerol absorption was successfully analyzed using a model considering the effect of UWL, and assuming Michaelis-Menten type carriermediated transport and simultaneous passive transport at the intestinal membrane (Fig. 1) . The parameters estimated are summarized in Table 2 . The maximum transport rate (J max ) was 77.0 pmol/s/cm 2 and the Michaelis constant (K m ) was 1.04 mM, giving a J max /K m of 7.39ϫ10 Ϫ5 cm/s ( Table 1 ). The membrane permeability coefficient for passive transport (P m,d ) was 6.89ϫ10 Ϫ5 cm/s, which was slightly smaller than J max /K m . Therefore, in the low concentration range where carrier-mediated transport conforms to linear kinetics represented by J max /K m , it could be the major mechanism of intestinal glycerol absorption. The K m and P m,d were quite close to those previously estimated in everted sacs in vitro.
2) The J max was, however, smaller in situ by a factor of about 2, and accordingly so was J max /K m . Thus, carrier-mediated glycerol transport was suggested to be less efficient in situ than in vitro due to the smaller J max , although the reason for that is unknown.
It is known that the effect of the aqueous diffusional resistance of UWL on solute transport is more marked in the perfused intestine than in in-vitro preparations, such as everted sacs, and this may cause underestimation of membrane permeability for highly permeable solutes if it is not taken into consideration. For glycerol absorption in the present perfusion experiments, P m is 1.428ϫ10 Ϫ4 cm/s as the sum of J max /K m and P m,d (Eq. 10) at the lower concentrations (C in of 1 mM or below) where carrier-mediated transport is most efficient and conforms to linear kinetics, and P aq is 1.03ϫ10 Ϫ4 cm/s. The P app for that concentration range is 6.06ϫ10 Ϫ5 cm/s from an F a of about 0.3 (Fig. 1, Eq. 13 ). Thus, P app is about 50% smaller than P m due to the additional resistance of UWL (1/P aq ), according to Eq. 9. On the other hand, at the higher concentrations (C in of 40 mM or above) where the contribution of carrier-mediated transport is negligible and, hence, P m is approximated to P m,d of 6.89ϫ10 Ϫ5 cm/s (Eq. 11), P app is 4.22ϫ10 Ϫ5 cm/s from an F a of about 0.22 (Fig. 1,  Eq. 13 ). Thus, P app is about 30% smaller than P m , the effect Chloramphenicol (5 mM 2) The P m,d in vitro was converted from the original parameter of permeability clearance (CL m,d ) given in terms of 100 mg wet tissue weight; CL m,d was multiplied by W/100, where W is the wet tissue weight for unit length (139 mg wtw/cm), 13) and then divided by 2pR, which is the cylindrically approximated smooth surface area for unit length and where R is the inner radius of the intestinal tract (0.234 cm).
13) The J max in vitro was also converted by the same manner from the one given in terms of 100 mg wet tissue weight. of UWL being less marked than that at lower concentrations, where P m is greater. This is due to the increased 1/P m (reduced P m ). The extent of the reduction in P app (about 30%) by the saturation of carrier-mediated transport at the higher concentrations is comparable with that of F a . However, the extent of reduction in P m (about 50%) is greater, because P app is smaller than P m by a greater margin, due to the greater effect of UWL, at lower concentrations than at higher concentrations. Meanwhile, in the everted sacs of intestinal tissue, in which the effective thickness of UWL (104 mm) 16) is about 10 times lower than that in the perfused intestine (952 mm), 9) the effect of UWL on permeability estimation is expected to be negligible or minimal for most compounds, including glycerol.
The effect of several compounds on glycerol absorption was examined under various conditions (Table 1 ). It was found that glycerol 3-phosphate, monoacetin and diglycerol, which are all glycerol derivatives, significantly inhibit the absorption of glycerol at 1 mM in the presence of Na ϩ , where carrier-mediated transport is significant. However, none of them inhibited glycerol absorption at 1 mM in the absence of Na ϩ and at a higher concentration of 40 mM, where the contribution of carrier-mediated transport is presumed to be negligible. These results suggest that those compounds inhibit carrier-mediated transport specifically without altering passive transport. These results are in general consistent with those in our previous in vitro study using the everted sacs of the rat small intestine.
2) In particular, glycerol 3-phosphate was also effective as an inhibitor of glycerol uptake in the everted sacs. It is likely that the carrier-mediated transport system involved in intestinal glycerol absorption is specific to glycerol and some analogous compounds, although chloramphenicol, which was found to inhibit glycerol uptake in the previous study, failed to inhibit glycerol absorption. Chloramphenicol is a lipophilic drug with a log P o/w (octanol/water partition coefficient) of 1.14, while the log P o/w of glycerol is Ϫ2.56. 17) There is a possibility that chloramphenicol is more permeable than glycerol and its hydrophilic derivatives due to a combined contribution of extensive passive transport with possible carrier-mediated transport, consequently being affected more markedly by UWL. This may have made its concentration at the intestinal surface too low to inhibit carrier-mediated glycerol transport in the perfused intestine, while such an effect of UWL could be minimal in the everted sacs.
We also examined the absorption of urea, a small hydrophylic solute like glycerol, to compare its absorption characteristics with those of glycerol. The absorption of urea was neither saturable nor reduced by removal of Na ϩ from the perfusion solution (Table 3) . From these results, it is likely that urea is absorbed by passive diffusion via the paracellular route from the small intestine, as has been generally presumed. It was found unexpectedly, however, that the F a of urea (about 0.15) was smaller than that of glycerol under the conditions in which passive transport was presumed to be operating (about 0.22), suggesting a greater passive permeability for glycerol. For the absorption of urea at 1 mM, the P app (10 Ϫ5 cm/s) was estimated to be 2.72Ϯ0.19 (meanϮS.E., nϭ3) from an F a of 0.148Ϯ0.010 (meanϮS.E., nϭ3) by Eq. (13) and then, using the P aq of 1.28ϫ10 Ϫ4 cm/s, P m,d (10 Ϫ5 cm/s) was estimated to be 3.48Ϯ0.31 (meanϮS.E., nϭ3). Thus, in terms of P m,d , it was suggested that glycerol, with the P m,d of 6.89ϫ10 Ϫ5 cm/s, is about twice as permeable by passive transport as urea. However, it is very unlikely that passive transport through the paracellular route or the transcellular lipid membrane route is greater for glycerol than for urea, because the molecular weight of glycerol (92.1) is greater than that of urea (60.1) and the lipophilicity of glycerol is comparable with that of urea.
1) Therefore, the greater P m,d for glycerol compared with urea might be due to the involvement of a selective channel, through which transport is unsaturable. It might be one of the aquaglyceroporins, which are known to transport glycerol more efficiently than urea. 4, 5) Thus, although a Na ϩ -dependent carrier-mediated transport system specific to glycerol was suggested to be significantly involved in the more efficient absorption of glycerol than of urea at lower concentrations, we cannot exclude the possibility that an aquaglyceroporin might be also involved.
In conclusion, we demonstrated the Na ϩ -dependent and saturable absorption, which suggests the involvement of carrier-mediated transport, of glycerol in the rat small intestine in situ. The carrier-mediated transport was inhibited by several analogues of glycerol, such as glycerol 3-phosphate, suggesting that the carrier system may be shared by such structural analogues. These results in situ are consistent with those in vitro in our previous study. It would be of interest to further investigate the possibility that such a carrier-mediated transport system might be used as a pathway for oral drug delivery and a target for drug development. Vol. 29, No. 4 Data represent the meanϮS.E. (nϭ3). A 10-cm midgut segment was luminally perfused (0.15 ml/min).
